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ABSTRACT
/5130
This report is a summary of WDL-TR2629 Volumes II and III which con-
tain the results of a study performed under Contract NAS8-11198. The pri-
mary purpose of the study is to establish the navigation and guidance
system requirements for an Earth-Mars round-trip mission. A secondary
purpose is to develop general analysis techniques that could be used to

establish those requirements for any interplanetary mission.

The scope of the study includes a statistical error analysis of the
navigation and guidance systems for the midcourse and orbital phases of the
Earth-Mars mission. A 532 day round-trip trajectory is used which is based
on a 1975 launch opportunity and has high energies for both the outbound
and return phases. In general, only random errors resulting from the navi-
gation instruments and the guidance maneuvers are considered. Four naviga-
tion system configurations are evaluated under the assumption that observa-
tion data are processed with a minimum variance Kalman filter to estimate

the vehicle state.

Sections 2, 3, and 4 of this report summarize the navigation and
guidance theory, the computer simulation, and the onboard measurement
techniques that have been used in the study. The principal results are dis-

cussed in Sections 5, 6 and 7 for the outbound midcourse, the return mid-

course phase, and the Mars orbital phase, respectively. /é;lfﬁé/
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FOREWORD
This volume contains a summary of the navigation and guidance analysis

performed under contracts NAS 8 11198 for Marshall Space Flight Center.
The detailed analysis are presented in Volumes II and III.

~iii-

PHILCO. WDL DIVISION

A vonuny o %{u{ur%»ﬂan] ¥




WDL-TR2629
‘ 30 October 1965

TABLE OF CONTENTS
Section Page
)3 INTRODUCTION 1-1

} ' 1.1 General Objectives and Scope « ¢ ¢ ¢ ¢ « o o o+ & 1-1
1.2 Study FOrmat « « + o o« o o o o o o o o o s o o o 1-2
1.3 Study Assumptions . . . ¢ ¢ ¢ o ¢ o ¢ ¢ o & o & 1-4

2 THEORETICAL ANALYSIS OF THE NAVIGATION
AND GUIDANCE SYSTEMS 2-1

2.1 Navigation System s ¢ o o o & e 8 3 5 e o & o o 2 l
2.2 Guidance System =« + ¢ + ¢ o o ¢ o 4 o oo e .o 2-3
2.3 End Constraints . L[] . . L] . . . . - ] . L[] * - 3 2 4
3 DESCRIPTION OF DIGITAL COMPUTER SIMULATION 3-1
~ 4 ONBOARD MEASUREMENT TECHNIQUES 4-1

4.1 Body Selection « « o « o « ¢ o o o o « o o o o o b
4.2 Star Selection e & o & ® o o & 8 o s o e s o = 4

5 EARTH MARS MIDCOURSE ANALYSIS 5-1

5.1 Navigation System Comparison . . . . « ¢ o « « & 5~2
5.2 Guidance Anélysis e o & e o s e o o 8 e e & o o 5"4

6 MARS EARTH MIDCOURSE ANALYSIS 6-~1
6.1 Navigation System . . ¢ « o ¢ o« ¢ o o o o o o o 6-1
6.2 Guidance SyStem « « o o o o ¢ ¢ o o o o s o o o 6~2
7 MARS ORBITAL ANALYSIS 7-1
8 RECOMMENDATIONS 8-1
—iv-
PHILCO. WDL DIVISION

 pa— o0 \‘Ji'—ld/.&_'/ur%”yia "y,



WDL-TR2629

SECTION 1

INTRODUCTION

1.1 GENERAL OBJECTIVES AND SCOPE

The primary objective of contract NAS8-11198 is to establish the basic
requirements for an Advanced Spaceborne Detection, Tracking and Navigation
System capable of performing future interplanetary missions. To achieve

this objective, the following tasks had to be completed:

a. Organize the study such that information is obtained which shows
tradeoff between performance and system complexity, and can be

used to select a system for a given mission,

b. Derive suitable mathematical techniques for calculating the

guidance and navigation systems performance.

c. Develop methods for data presentation which indicate accuracy
tradeoffs between various subsystems and components within a

particular system.

d. Determine the areas and components which require future research.

The scope of the study includes an evaluation of systems which utilize
Earth-based and onboard navigation, and combinations of the two systems.
The results obtained can be used to establish the capabilities of these
systems to perform various missions. In order to make the problem amenable
to study, however, certain restrictions on the scope of the study had to

be made. The following restrictions were either suggested by or approved by

MSFC personnel:

a. Primary emphasis and calculations are for the 1975 opportunity for a
round-trip to Mars (Figure 1-1). The trajectory includes a stay
time of about 40 days in orbit about Mars at an altitude higher

1-1
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than the sensible Martian atmosphere (500 Km). The outbound
flight time is 235 days, and the return flight time is 297 days.
This restriction was made at the start of the study because

obtaining data for all possible missions would not be feasible.

Some data are also generated for the round-trip trajectory shown
in Figure 1-2. This is a 180-day low energy outbound trajectory
with a 360-day return trajectory. The return trajectory includes

a8 Venus swingby.

b. The covariance matrix of injection errors at the Earth is not
studied as a parameter. This matrix, which is a function of the
time in park orbit at the Earth, is intended to be representative
of the capabilities of future launch vehicle guidance systems.
The primary influence of this matrix is on the magnitude of the

midcourse velocity requirements at the first guidance correction,

c. The study emphasized the following phases of the mission:
1. Midcourse from Earth to Mars
2, Orbital navigation at Mars

3. Midcourse from Mars to Earth,

These phases are probably the most demanding on the sensor require-
ments if one neglects the inertial components required during the accelerating

(or decelerating) positions of the total mission,

1.2 STUDY FORMAT

The requirements of the navigation and guidance systems may vary
considerably depending on the mission itself. This study is designed to
obtain data that shows the tradeoff between onboard system complexity and
the guidance and navigation system performance that can be achieved. Four
navigation system configurations are considered; they vary in complexity

from one that depends entirely on Earth-based tracking and computations

1-2
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to one that has a total onboard navigation capability. These four systems
could be used for missions that vary from a simple planetary flyby mission

to a round-trip manned mission.

The four navigation and guidance systems whose performance are analyzed

in this study are:

a. System I
1. Onboard Equipment

(a) An attitude control system with a reference alignment
procedure

(b) Rocket motor for thrusting
(c) Command system for receipt of command signals for midcourse
maneuvers.
2. Earth-Based Equipment
(a) DSIF Tracking Network
(b) Computation facilities

3. Typical Mission
(a) Planetary flyby
(b) Planetary orbiter

b. System II
1. Onboard Equipment

(a) Same as System I
(b) Sextant or theodolite - Measurements restricted near
maneuver times to permit Earth-based computation
2, Earth-Based Equipment
(a) Same as System 1

3. Typical Missions
(a) Close Approach Flyby
(b) Planetary Orbiter

c. System III
1. Onboard Equipment

(a) Same as System II

1-3
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(b) Onboard radar

(¢) Digital computer which will be used during the terminal
part of the outbound midcourse phase, orbital navigation
phase, and the initial part of the midcourse return
phase. This sytem would allow rapid onboard calculations
when they are required during the rapidly changing
portions of the flight which occur at great distances

(and consequently cause command time delays) from the
Earth,

2. Earth-Based Equipment
(a) Same as System II

3. Typical Mission
(a) Manned round-trip to Mars
(b) Planetary orbiter
(c) Lander

d. System IV
1. Onboard Equipment

(a) Same as System III with the exception of the command system;
System IV places no reliance on Earth-based facilities.

2, Earth-Based Equipment

(a) None; complete onboard system for all phases of the mission
3. Typical Mission

(a) Manned round-trip to Mars

1.3 STUDY ASSUMPTIONS

The results of this study have been obtained with the following

assumptions:

1) Linear theory applies in the neighborhood of the nominal trajectory,
This allows the ensemble statistical data to be calculated efficiently
for quantities such as RMS deviation from the nominal, RMS miss at the

target, RMS midcourse velocity requirements, etc.

2) Navigation measurements are processed with Kalman Minimum Variance
filter (weighted least squares or Maximum Likelihood are equally
applicable).

1-4
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Maneuvers may be represented by step changes in velocity. This
permits the error sources to be represented by a simple but
realistic mathematical model and simplifies the calculation of

ensemble statistical data for the guidance system analysis.

Mathematical models of the error sources are constrained to those
which the current simulation program can handle. The primary
emphasis is on random error sources. The Earth-based tracker
station location errors were treated as bias error sources but
equation-of-motion uncertainties and measurement biases were

neglected.

The error sources that are considered in the study are the

following:

(a) Onboard Control System (Random Errors)
(1) Shut-off Error - proportional to and in the direction of
velocity correction,

(2) Resolution Error - independent of magnitude but in the
direction of velocity correction.

(3) Pointing Error - proportional to the magnitude and
normal to direction of the velocity correction,

(b) Earth-Based Tracking (Random Errors)

(1) Range-rate
(2) Azimuth
(3) Elevation

(c) Onboard Angular Measurements (Random Error - magnitude
depends on planet subtended angle).

(1) Right ascension, declination (theodolite).
(2) Planet-star angle (sextant).

(3) Subtended angle (range measurements).

1-5
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SECTION 2

THEORETICAL ANALYSIS OF THE NAVIGATION AND GUIDANCE SYSTEMS

This section presents a summary of the theoretical analysis* which
is used to evaluate the navigation and guidance system capabilities in
this study. Linear perturbation theory about a nominal trajectory is
used to perform statistical analyses of the deviation state, x, (Figure 2-1).
An estimate of the state, X, is obtained by the navigation system as the
result of taking observations and smoothing the data with a Kalman filter.
The errors in estimates of the state x indicate the performance of the
navigation system. The estimate of the state X is used in computing
guidance corrections. The ensemble statistical behavior of these deviation
quantities can be determined in a linear system by analysis of their

covariance matrices (Figure 2-2).
2,1 NAVIGATION SYSTEM

The equations below show the change in the deviation state estimate
and covariance matrix of the error in estimate when a Kalman filter is

used to include an observation in the estimate.

£ =g+ eiqen + Q)7 (5-9) (2-1)

P =P- PHT(HPHT + Q)'1 HP (2-2)
where

in = estimate of deviation state after an observation

X = old estimate of deviation state

P = covariance matrix of error in estimate of the state

* Derivations of equations are presented in Section 2.0 of Reference 1.

2-1
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H = gradient of measurement with respect to the state
(row vector)

Q = variance of measurement noise

y = measurement value

( y = estimate of measurement value

P = covariance matrix of error in estimate of states
after the observation.

The equations for the propagation of the deviation state estimate and
covariance matrix of the error in estimate along the nominal trajectory
(Figure 2-2) are the following:

x(t,) = &(t,5t)) R(t,) (2-3)

| B(t,) = &t,5t)) B(e)) & (t,5e)) (2-4)

where G(tz;tl) is the transition matrix from time t, to time t,.

The estimate of the terminal constraint deviation and covariance
matrix of the error in estimate of deviations are obtained by using (2-3)
and (2-4) with the transition matrix to the terminal time T and a point
transformation between the terminal deviation state and the constraint

deviation as follows:

§ B-T
8 E-ﬁ = C(T) &T;t) ;(t) = D(T,t) ®(t) (2-5)
8 vinf
2-2
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| EST = C(T)&(T;t)B(t)& (T;t)CT(T) (2-6)

’ where

C(T) = point transformation from state deviations to
5 constraint deviations

} EST = covariance matrix of error in estimate of end
constraints.

2.2 GUIDANCE SYSTEM

The linear analysis of the guidance system is summarized by the

following equations:

£, (£) = =D, C(DIR(D) (2-7)
E(:_:csi_t:gT) = -D;]'C(T){PAR(T) - P(T)}CT(T)'L—D'Z'IJT (2-8)

where
$ (t) = the estimated velocity correction required

D, = matrix of sensitivities relating constraint

changes at time T to velocity changes at time

t.

E(x_x T) = covariance matrix of the estimated velocity
g-g correction.

The selection of the terminal constraints which are to be controlled
establish the guidance law. The three guidance laws considered in this

study are shown pictorially in Figure 2-3.

The P and PAR covariance matrices following a guidance correction

[ are as follows (Figure 2-2B):

PHILCO. WDL DIVISION
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[ ]

0 0
PARA = PB + . (2-9)

0 E(ece™)

L -

~ 6 T

PA = PB + o (2-10)

0 E(eeT)

where the subscripts A and B refer to after the correction and before the
correction respectively, and E(eeT) is the covariance matrix of the execution

errors (proportional, resolution,and pointing).

The state deviations described by (2-9) are with respect to the new
nominal trajectory defined at the time of the correction based on the
estimate of the state at that time. The quantity o in (2-10) is a constant
that may assume values from 0 to 1, It is the result of monitoring the

guidance correction with an onboard device.
2.3 END CONSTRAINTS

The results of this study are presented in terms of the end constraints
which have been used. The end position state used with the Fixed Time of
Arrival (FTA) guidance law was expressed in altitude, down range, and cross
range coordinates of periapsis (Figure 2-4A).

The B vector(z)was used to control the target passage distance with
the Variable Time of Arrival guidance law (Figure 2-4B). The T and R
vectors are selected (Figure 2-4B) so deviations in 3'5 are deviations in
the magnitude of the B vector and deviations in ;-R are deviations }n the
inclination of the approach trajectory plane. The deviations in‘E'T for this
case can be expressed as deviations in radius of closest approach or peri-

3,

apsis altitude deviations. The relationship is shown below

2-4
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where

r, = radius of closest approach
= gravitation constant

v, = velocity at infinite distance

(2-11)

(2-12)

For the nominal trajectories that have been used for the outbound and return

phases, the closest approach deviations are approximately .95 of the B.T

deviations,



WDL-TR2629

Estimated Trajectory

—— — —

Actual Trajectory

Nominal Trajectory

Nominal

x(t) Deviation of State from Nominal
R(t) Estimate of State Deviation

X(t) Error in Estimate of Deviation

P(t) = ER :'ET) - covariance matrix
of error in estimate
of the state

PAR(t) = E(X xT) = covariance matrix
of state deviation

from the nominal
Coordinate

PAR(t) - Pt) = E & #T) covariance matrix Frame

of estimate of the

state deviation

Figure 2-1 State Deviations
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Fixed Time of Arrival (FTA)

Ax
. -1
Xg (= -D, |Ay
Az T
Nominal Trajectory
Arrival
Actual Time (T)
Trajectory L 3
Correction Time (t)
Variable Time of Arrival (VTA)
Velocity Relative to Target Constraint
[ ABeT
. -1
Xg (t) = —D2 ABsR
v
®7 T +AT \\
Nominal Arrival
' Time
N LR
Actual
/
/
/
Correction Time (t)
Variable Time of Arrival (VTA)
Minimize AV Constraint .
. _ /ABeT Xg = Guidance Correction
Xg (t) = —D2 ABeR D_ = Matrix of Sensitivities Relating Constraints
\AM T +AT at (T) to Velocity Changes at (t).

AM Selected to Minimize AV Required

Figure 2-3 Guidance Laws
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A
N = ALT
Periapsis
Figure 2-4A NWW Coordinates
Miss Plane
A
R
B

A
S into Paper

A

T

Trajectory

Pigure 2-4B B Vector Coordinates
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SECTION 3

DESCRIPTION OF DIGITAL COMPUTER SIMULATION

In order to accomplish the objectives of this study it is necessary
to develop a digital computer program which has the capability of simulat-
ing both the navigation and guidance systems for an interplanetary mission,
The Conic Error Propagation Program (CEPP) used in this study has the

following features:

Patch-Conic Nominal Trajectory
Closed-Form Analytic Expressions for the Transition Matrix
Navigation Capability

a. Earth-Based Measurements (Range, Range-Rate, Azimuth,
Elevation)

b. Onboard Measurements (Radar,Range, Range-Rate, Theodolite,
Sextant, Subtended Angle Range)

c. Kalman Filter used to smooth observation data.
Guidance Capability

a. Guidance Law (FTA, VTA with v constraints, VIA with AV
minimized)

b, Parametric Analysis of Error Sources (Pointing, Resolution,
Proportional Errors).

3-1
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SECTION 4

ONBOARD MEASUREMENT TECHNIQUES

The overall function of the navigation system, as defined in this
! study, is to determine the best estimate the vehicle's position and
velocity. An important part of this estimation process for an onboard
system is the selection of an observation schedule using a sextant or
theodolite. Three types of auxiliary data which are useful in selection
| of a schedule are presented. The data concern measurement accuracy,
celestial body selection and star selection. This technique of onboard

scheduling is treated in more detail in Reference 4.

4.1 BODY SELECTION

The measurement gradient vector H is important because it indicates

4 the direction in the state space in which the estimate is improved by

the measurement. The gradient associated with an angular measurement such

) as a sextant measurement of a star-planet angle (Figure 4-1) is normal to
the direction of the line of sight (10S) and in the plane in which the angle
is measured. Two orthogonal sextant measurements (Figure 4-2) or the equiva-
‘ lent two theodolite angle measurements have gradient vectors which span

the two dimensional position space normal to the direction of the LOS.

The third direction of the position space can be determined most favorably
by using a second planet with a LOS direction normal to the first. The

‘ accuracy of a single position estimate along one of the H vectors is
determined by the instruments measurement error. The standard derivation

of the angular measurement error has been assumed to be

-1 RAD (4-1)

P

2 2 .
O¢ \/ kl + 4k2 in

where

I 41
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ki = the variance of the angular error when the
instrument is used for star~star measurements
k§ = the variance of the angular error when the

instrument is used to measure the subtended

angle of the body at some low altitude
RAD = radius of the body
‘R | = range to body center

The error model given by (4-1) is based on the assumption that as
the body is approached, its size in the field of view increases, which

causes a greater error in detecting the apparent center or rim.

Since the measurement error is an angular error, the position uncertainty
established with such a device is directly related to the range of the body
being observed. The uncertainty in a position measurement ep as a function

of range to the center of the planet of interest, is given by

‘R ‘ = Range to planet (4-2)
o, = Measurement error (standard deviation)

The error in position for a single observation of various planets on
the outbound trajectory is shown in Figure (4-3A). The data in Figure
(4-3B) are the right ascensions of the celestial bodies in a vehicle
centered ecliptic coordinate frame, Since the interplanetary trajectory
is nearly in the ecliptic plane, these data can be used to select bodies
which have orientation (ideally orthogonal) such that the two dimension
inplane position can be estimated. The positien coordinate normal to the
ecliptic can be estimated by using any of the bodies and a background star

in the direction normal to the ecliptic plane.

42
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The out of plane observations should therefore be confined to using the

one body which provides the most accurate measurement.

The problem of determining the two dimensional position in the tra-
jectory plane is more difficult since it is necessary to select two bodies
whose measurement H vectors span the trajectory plane. The selection of
a schedule for inplane measurements is made on the basis of the location
of the bodies in the ecliptic plane relative to the vehicle as well as

the measurement accuracy data.

Figure 4-3A indicates that for the early part of the trajectory, the
Earth provides the best measurement accuracy. The Moon would also provide
good navigation data at this time. Although from Figure 4-3A the Sun appears
to provide fairly good measurement data, the use of this body would not be
expected to provide any additional information for the first 40 days.

This is because the RA of the Earth and the RA of the Sun in the early

part of the trajectory are almost 180° apart and therefore, the position
information obtained from these two bodies is almost colinear. Figure 4-4,
which shows the propagation of injection errors and includes the effects

of Earth and Sun observations made along the outbound trajectory, shows
that there is, in fact, a degradiation performance by replacing some of

the Earth observations with Sun observations, rather than using jugt

Earth observations. The figure also indicates no change in the BT error
and implies, therefore, that this constraint is dependent on the coordinate

which is normal to that determined by either the Earth or the Sun.

In order to obtain a good position estimate along the direction
normal to the position estimate provided by the Earth, it is necessary to
use a body whose RA is about 90° from that of the Earth. The approximate
value of this RA is defined by A-A Figure 4~3B, Any body whose RA passes
through the cross hatch area will provide good information on the coordinate
normal to the A~A for the first 60 days. At twelve hours from injection
the Moon passes through the area as shown by the figure. During this time
it is possible to obtain a good measurement of the coordinate normal to
A=A, since the measurement accuracy using the Moon at this time is good as
seen in Figure 4-3A.
4-3
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The value of Moon observations at this time is verified by Figure 4-5 which
shows a reduction in the E-T error in estimate starting at about 5 hours

from injection,

An alternate methed for obtaining information on the coordinate
normal to A-A is to make Sun observations starting at 40 days. At this
time the Sun crosses the region of interest in Figure 4-3B and takes 40
days to cross it. The tracking data shown in Figure 4-6, which uses Sun

and Earth observations during the first 100 days, shows that the Sun

observations at about 40 days have the same effect as the Moon in reducing

-

BT error in estimate.

The number of observations taken is important because each observation
requires a certain amount of time and fuel to maneuver the vehicle into
the proper attitude. It is therefore, desirable to adopt a schedule where
the number of observations is not excessive. One of the main considerations
in determining the number of observations is the accuracy of the measurement.
During the early part of the midcourse trajectory the Earth provides accurate
measurements and near the end Mars provides accurate measurements. Also
at these times there is only one body to observe and therefore maneuvering
is held to a minimum.

The number of observations is also important, because there is a trade-
off between instrument accuracy and the number of observations. This is
shown in Figure 4-7, where the navigation performance is compared for two
sextants wiﬁh accuracies of 10 arc-and 20 are-seconds. Curves (1) and (2)
have been obtained with 162 inplane measurements and 32 out of plane
measurements. The degradation in performance with the 20 arc-second device
at 220 days is 100%. This is the type of increase that would be expected
in a linear system where a parameter is estimated with an instrument having

only random errors.

The results in curve (3) shows that the error in estimate is reduced

very nearly by the square root of the number of observations (?EST - oINST>.
. /N
4=4
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This curve (3) represents the results obtained for a 20 arc-second device
and four times as many observations as in the other two cases. As seen
from the figure, the estimation for curve (3) is almost identical as that

for the more accurate instrument.
4.2 STAR SELECTION

In order to determine the availability of specific stars for use
with a sextant along the trajectory, that can also be used in conjunctien
with the body selection schedule, the right ascension of Earth, Mars and
the Sun, in a vehicle centered 1950 equator of data coordinate system is
shown in Figure 4-8A. Figure 4~8B, shows the celestial sphere as seen
from the spacecraft where the dotted lines are the ecliptic plane projected
onto the sphere, and some of the first, second and third magnitude stars
near the ecliptic have been included. The feasibility of taking a sextant
measurement at a given time can be determined by first selecting a body
from the body selection schedule, and then using Figure 4-8A and Figure
4-8B to determine whether the availability of stars and the position of
the Sun will make the observation possible.

The data in Figure 4-8A can also be used to evaluate the position of
the Sun relative to a body of interest. This would be done to ensure that
the Sun did not '"blind'" the instrument being used., For example, at the
time of 120 days the Earth is fifty degrees away from the Sun. The figure
also indicates that this is as close as the Earth gets to the Sun along

the whole Erajectory.

In order to illustrate the use of Figure 4-8, an example is now
considered. Assuming the body selection data indicates that the observa-
tions of the Sun and Earth are desirable at 120 days, Figure 4-8A is
entered at this time. As shown by the dotted lines, the right ascensions
of these bodies are projected into the ecliptic plane shown on the
celestial sphere in Figure 4-8B.
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The intersection of the dotted lines and the ecliptic plane represents the
positions of the Sun and Earth on the celestial sphere as viewed from the
spacecraft at 120 days along the trajectory. Forty by sixty degree sectors
about each of these points have been enlarged and are shown in Figure 4-9,
Overlayed on each section 18 a twenty degree diameter circular window. The
overlay could be made to any size and shape which corresponds to the
vehicle's observations window constraints. The vehicle windows shown in
the figure present the bodies of interest and the background stars avail-
able at the specified time.

The upper part of Figure 4~9 shows that the first magnituée star,
Regulus, can be used for a measurement of the position in the u direction.
The use of the star would be restricted to a slightly earlier or later
time since it is directly in the Sun at the time shown. The time differ-
ence which would be required would depend on the angular separation between
a star and the Sun required for making such a measurement when using a
specific instrument. Slightly earlier in the flight (3 degrees right
ascension or about 4 days), the third magnitude star YLEO’ in the upper
partaof the window would be in an ideal position for a measurement in
the t direction. The same type of analysis can be performed to select
suitable stars for use with the Earth as a reference body. This is shown
in the lower portion of Figure 4-9. In this case tha star, Spica, could
be used for a E measurement and a few days later it would be positioned for

a measurement in the u direction.

If these two bodies, Sun and Earth were to be observed at approximately’
the same time, Figure 4-8 also indicates that the vehicle must be reoriented
fifty two degrees in RA and twenty degrees DEC. With a specific control
system, these required excursions could be used to generate data on the

time and fuel requirements for such a maneuver.
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SECTION 5

EARTH MARS MIDCOURSE AMNALYSIS

The principal results of this study, which include a statistical error
analysis of the navigation and guidance system, are summarized in Sections
5, 6, and 7. The analysis in this section pertains to the midcourse phase
of the Earth-Mars mission. It is defined to be the interval of time between
injection onto the transfer trajectory from a 185 km altitude Earth park
orbit and the point of closest approach to Mars. Since it has been found
that the accuracy of the guidance system is highly dependent on the accuracy
of the navigation system, the navigation is studied first and these results
are then used to study the guidance system.

The analysis of the navigation sysiem is concerned with determining
the accuracy with which the position and velocity of the vehicle can be
estimated. Since one of the primary objectives of the study is to compare
the capabilities of groundbased and onboard navigation systems, the navi-
gation analysis is carried out for each of the four systems described in
Section 1. The overall figure of merit that is used for comparing the
navigation svstems is the error in estimate of the end-point constraints

on the nominal trajectory.

The guidance analysis for the midcourse phase is concerned with
determining the number of corrections and times at which they are made,
evaluating two different guidance laws, and analyzing the effects of
errors resulting from the thrusting maneuvers. The figure of merit used
for evaluating the guidance system is the deviations of the end-point
constraints. The specific deviation requirements depend to a large extent
on the mission itself. For example, with Mariner IV, the primary concern
was to flyby the planet with a high probability of not impacting. With
the large value of radius of closest approach that was used, large guidance
deviations could not be tolerated. If instead an atmospheric braking
maneuver were to be executed at Mars, a much smaller tolerance on the
deviations 1s required.

5-1
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In the analysis of the four systems which follows, a basis of comparison
which is used 1s a + 3.5 km deviation in the altitude direction. This
would be sufficient guidance accuracy for the terminal maneuver to be
performed with atmospheric maneuvering. This deviation error represents
approximately a three-sigma confidence level of hitting a 21 km entry

*
corridor at Mars. This corridor width was obtained in a previous study.

The analysis in this section has been performed for a given nominal
trajectory and for assumed numerical values of the statistical errors.
Use of the results in this section to specify hardware requirements is
therefore limited by these assumptions that have been made for the
Earth-Mars mission. However, the techniques that have been developed
to analyze the guidance and navigation requirements are not limited, and

in fact, could be applied to any interplanetary missiom.
5.1 NAVIGATION SYSTEM COMPARISON

En this section the navigation performance is measured by the error
in E-T and E'R end-points estimates for each of the four systems defined
in Section 1. Although bias errors clearly affect the error in estimate
of the state, with the exception of station-location bias errors, only

unbiased statistical measurement errors are considered.

The effect of the station=location bias errors on the performance of
System I is shown in Figure 5-1 by considering three different cases.
First, neglecting the blas errors yields a terminal error in estimate of
approximately 100 kmf* Second, including the effects of 100 meter station-
location bias errors in both the north and east directions causes the error
in estimate to increase to approximately 250 km. In the third case errors
have been included as part of an expanded state vector and the numerical

values of these errors has been determined.

* The study of parameters and the definition of the corridor bounds are
described in Reference (5).

** On the low energy trajectory the error in estimate is 25 km.

5«2
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The estimation of the bias error reduced the end-point estimate to 120 km.
The decrease in the error in estimate of the location of the Johanesburg
tracker is shown in Figure 5-2. The errors in the north and east location
are reduced from 100 meters to approximately 10 meters. These data indicate

(6)

it is possible to reduce the magnitudes of these uncertainties. In fact, if

that by using parameter estimation techniques for the blas error sources
as a result of using this technique, the bias error uncertainties are

remuved, then the data obtained which have neglected bias errors, become
quite realistic.

The navigation data for the four system configurations is shown in
Figure 5-3. The onboard instrument is a 10 arc-second theodolite. The
type of mission which these systems are capable of can be inferred from
these data. The use of the DSIF (System 1) provides a relatively good
estimate of the end constraints early in the flight compared to System IV,
the onboard system. 1t has an accuracy limited to approximately 100 km.
The addition of the onboard tracker (System II and I1I) provides in
improvement in the terminal accuracy of approximately two orders of
magnitude, System IV provides terminal accuracies of the same order as
IT and III. The poorer estimateg during the early phase of the trajectory
resulted in slightly larger velocity requirements. This is due to the
first correction being made with a larger error in estimate of the end

constraints.

Figures 5-4 and 5-5 summarizes the navigation and guidance performance
of the fOurvsystem configurations as a function of the onboard instrument
accuracy. The guidance system used to obta{n these guidance data 1is a
nominal "state of the art' system_* The B.T data in Figure 5-4 indicates
the capabilities of the systems to estimate and control the distance of
closest approach with VTA guidance law. It indicates the instrument
accuracy required under the assumptions made, to hit an entry corridor with

each system configuration.

* The nominal guidance system assumes proportional, pointing and resolution
errors of 1%, 0.5 degrees, and .1 m/sec, respectively.

5-3
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System I does not have the capability of such a mission and II, III and
IV require instrument accuracies of 12, 18 and 4 arc-seconds respectively.
The B-R data shown in Figure 5~5 corresponds primarily to cross~range errors

or uncertainties in the inclination of the apparent trajectory.

A comparison of the guidance deviation and the error in estimate data
indicates that with the number of guidance corrections used, the nominal
system is capable of controlling the trajectory to within 10-207 of the
error in estimate of the constraints. The velocity requirements shown

are primarily determined by the size of the injection errors whichare used.

5.2 GUIDANCE ANALYSIS

in the previous section, a guldance system was assumed that consisted of

a nominal set of execution errors, and used a particular time schedule

for making midcourse maneuvers. In this section, parametric data is presented
on the guidance system error sources. Also the type of data used to select
the number of guidance corrections as well as the times at which the cor-

rections are made, is discussed.

The first correction data for System I using a VTA guidance law
are shown in Figure 5-6. The RMS error in the estimate of the end-point
position constraints shown in the figure represent the performance of the
navigation system being used. The two curves Yhich sh?w the RMS AV required
are for the VTA guidance laws which have as B-T and B'R two constraints
and either the velocity at infinity or a minimum AV as a third constraint.
The curve of the RMS end-point position deviation after a correction
indicates the constraint deviation which would occur if a correction were

made at any of the times shown,

The time at which the first guidance correction should be made can be
determined from the data in Figure 5-6. An important criteria for selecting

a guidance time is the AV required and the deviations after the correction.

54
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The two curves in Figure 5-6 indicate that at 2 days the position deviation
after a correction is at a minimum and also the required AV is low (10.6
m/sec). This first correction primarily compensates for the injection
errors. The cause of the magnitude of the end position deviation (1720

km) being considerably larger than the RMS error in estimate (405 km) is

the effect of the guidance system execution errors.

The data in Figure 5-6 show that it would be very undesirable to make
a correction at 60 days because of the large AV requirements. The reason
for this large requirement is that the matrix relating changes in the
velocity at this time to changes in the end-point constraints becomes
singular. This singularity occurs at the time when the true anomaly to
the target on the Sun-centered conic is 180° (Figure 1-1). This type of
singulariiy is discussed in Reference 7. Data of this type which shows the
required AV and the resulting deviations if a correction is made, can also
be used to select the number of corrections which should be made. Figure
5-7A shows the results which are achieved for a second correction for
System II and III. During the last day, the guidance accuracy reaches a
limit of 23 km. This is because the increasing velocity requirements
cause the proportional and pointing guidance errors to grow. The error in
estimate is reduced to approximately 3 km at this time. Therefore if the
number of corrections is limited to two in this case the correction requires
approximately a AV of 100 m/sec to achieve an accuracy of 23 km or 20 m/sec
for 30 km accuracy. The data in Figure 5-7B shows the value of making a
third correction. These data assumed a second correction is made 232 days 12
hours which requires a AV of 8 m/sec and results in a constraint deviation
of 38 km after the correction. The third correction data indicates that with
a third correction of 1 or 2 m/second the guidance system can control this
trajectory to 4 or 5 km. This is only 20 percent larger than the error in
estimate of the constraints. This type of data showed that systems I, II

I1I, and IV required 2, 3, 3, and 4 corrections respectively.

The effects of varying the three guidance system error sources are

shown in Figure 5-8 for the system IV navigation system.

5=5
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The curves shown represent lines of constant end position deviations
following the correction., The data show the guidance accuracy after the
first correction is dependent on all three error sources. The fourth
correction data indicates that if a sufficient number of corrections are

made, only the resolution error limits the final accuracy.

When a guidance system is used with the number of corrections res-
tricted, the effects of all the execution errors becomes more important.
The parametric error data then permits tradeoffs to be made between the
error allotment to each error source in the guidance system. This is
illustrated by the data shown in Figure 5-9, which are representative of
the effect of guidance system errors on missions where the number of

corrections is restricted to one (Mariner IV). The data have been obtained

If the mission objectives required a maximum standard deviation of
2000 km following the correction, the data can be used to define limits
on guidance system errors., Fixing the pointing error at .75 degrees,
! the dotted lines in the figure show two possible limits for the resolution
, and proportional errors. In one case (Figure 5-9B) if the resolution
; error ig .05 meters/second, the proportional error is restricted to be
less than 1.62%. The second case (Figure 5-9C) allows the resolution
error to increase to .2 meters/second which then restricts the propor-

tional error to be less than 1.25%.

The data in Figure 5-9A for the case of zero resolution errors shows
the maximum allowable errors are 1.05 degrees and 3.07 (extrapolated) for
the pointing and proportional error sources respectively, in order to
satisfy a deviation of 2000 km. Attitude control and rocket motor sub-
systems with larger error magnitudes than these could not be considered
for the migssion which was defined above. The time of correction is
another parameter which was not varied but would change the figure as shown
and therefore the relationships between the error sources and the error

limits, 5-6
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System IV is used to compare the use of VIA and FTA guidance laws.
The performance of the guidance system is very nearly the same (5%) with
the two laws. The AV requirements with FTA are 56.8 meter/second compared
with 23.2 m/second for VTA. This difference is the penalty for controlling
arrival time. The arrival time deviation with FTA 18 36.0 seconds and with
VTA it is 38.6 minutes.

5-7
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SECTION 6

MARS EFARTH MIDCOURSE ANALYSIS

The results of the statistical error analyses of the navigation and
guidance systems for the midcourse phase of the Mars-Earth return trajectory
are described in this section. Since only Systems II1 and IV are reasonable
choices for a manned Mars misgion, it is these two systems that are discussed
for the return phase. The results are obtained for an FTA guidance law with
the perigee position constraints expressed in altitude, down range, and cross
range coordinates. The covariance matrix of injection errors used on the
return was a diagonal matrix with an RMS position deviation of 30 km and
an RMS velocity deviation of 30 m/sec.

6.1 NAVIGATION SYSTEM

The navigation results for Systems III and IV are shown in Figure 6-1.
System III utilized only the DSIF since the addition of onboard observations
are of very small value on the return trajectory. System IV used a 10 arc-
second theodolite. RMS error in estimate of the perigee position is prim-
arily an error in the down range position. The perigee altitude estimate
errors are 1.27 m/sec and 2.91 m/sec for System III and IV respectively.
The guidance and navigation data for the two systems are summarized in
Figure 6-2. These data have been obtained with the nominal guidance
system and an FTA guidance law. System III is shown as a point on the
graphs since the DSIF performance is good enocugh that onboard instruments
are not needed for this system. The altitude deviation at perigee with
System IV can be controlled to + 3.5 km with a 4 arc-second insturment.
This accuracy is adequate to hit an entry corridor at Earthss) For the
special case that has assumed Moon observations with a 10 arc-second
instrument, the data shows that these observations result in a significant
reduction in both the estimation errors and the deviations at perigee. The
system with a 10 arc-second instrument in this case is very nearly capable

of hitting an entry corridor.
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The use of a Venus swingby trajectory on the return leg showed the
same guidance and navigation as the direct return trajectory. The
velocity requirements increased from 110 meters/sec on the direct return

to 250 meters/sec on the swingby return.

Table 6-1 presents the navigation and guidance system performance of
System IV with a 10 arc-second insturment on two normal round trip Mars
missions. The results are presented for the high energy round trips and
the low energy with a Venus swingby return, These results indicate the
system performance on the two trajectories is approximately the same. The
only significant difference occurs in the velocity requirements on the

swingby return trajectory.
6.2 GUIDANCE SYSTEM

The nominal guidance system on the return trajectory for an FTA

guidance law controlled the end-constraints to within 10-20%.

The number of guidance corrections and their times are established

with AV and deviation tradeoff data similar to that shown in Section 5.

The only significant guidance difference on the return trajectory is
that the use of VITA and FTA guidance laws require approximately the same
total AV. With FTA 100 meters/sec is required and 110 meters/sec with FTA.
This is the result of a singularity (Figure 6-3) which occurs at 110 days
when using a VIA guidance law. This causes the velocity requirements with
a VTA guidance law to be significantly larger during the early part of the
flight, The minimum AV curve shown in the figure indicates that in this
case when V_ is not the third constraint, the singularity does not occur.
However, at 170 days a second singularity occurs., This singularity is
the result of the time anomaly to the target being 180 degrees at that

time, and is seen to occur for both the VIA and minimum AV guidance laws.
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The velocity requirements on the return leg are larger than the out-
bound primarily due to the different injection errors which have been used.
The FTA velocity requirements on the outbound and return trajectories using

the Earth injection errors for both are 56.89 m/sec and 56.85 m/sec res-
pectively.
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TABLE 6-1A

TERMINAL CONDITIONS
HIGH ENERGY ROUND TRIP*

EARTH-MARS (VTA) MARS-EARTH (FTA)
Est BT 6.38 Km Est Alt 5.76 Km
Est B-R 1.99 Km Est DR 383.00 Km
Dev B-R 2.01 Km Dev DR 383.00 Km
Total AV 23.19 m/Sec Est CR 2,91 Km
Dev CR 3.86 Km
Total AV 110.34 m/Sec
TABLE 6-1B
TERMINAL CONDITIONS
LOW ENERGY ROUND TRIP*
EARTH-MARS (VTA) MARS-VENUS -EARTH (FTA)
Est B-T 3.88 Km Est Alt 5.17 Km
Dev B-T 4,07 Km**  Dev Alt 5.48 Km¥*
Est B-R 2.67 Km Est DR 249,00 Km
Dev B.R 2.79 Km Dev DR 250.00 Km
Total AV 25.86 m/Sec Est CR .88 Km
Dev CR 1.18 Km
Total AV 255,21 m/Sec
*10 Arc Second Theodolite
**Corridor Coordinate
6-8
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SECTION 7

MARS ORBITAL ANALYSIS

The capability of the DSIF and onboard navigation systems to determine
the Mars park orbit is discussed in this section. The orbital phase starts
immediately after the retro maneuver and continues for 40 days. This
phase of the mission has been studied independently of either of the mid-
courgse phases, Initial uncertainties have been assumed that are larger
than the values that would result from the outbound midcourse phase and
the retro maneuver. No guidance corrections are considered and no specific
mission requirements have been defined for this phase. The performance
of the navigation systems is interpreted in terms of orbital elements, as
well as the in-plane and out-of-plane components of position and velocity,

for various orientations of the orbit.

The study of DSIF tracking shows that the RMS position and velocity
uncertainties for the nominal park orbit after three days of tracking are
2 km and .025 km/sec respectively. The capability of the DSIF tracking,
however, depends to a large extent on the inclination of the orbit plane
with respect to the Earth-Mars line. Although azimuth, elevation, and
range rate measurements have been assumed for this system, because of
the large distance between Earth and Mars the only observation that provides
accurate information is range-rate. This measurement provides information
on the velocity components of the state that are along the 10S, and there-
fore the best results with DSIF tracking are obtained for large inclina-
tions between the orbit plane and the tracker LOS. The smallest RMS
uncertainties in position and velocity that have been obtained with DSIF
tracking are shown in Figure 7-1 to be 400 km and .3 km/sec.* These values
resulted from an orbit that was inclined 90° to the Earth-Mars line. The
effect of the vehicle occultation by Mars has also been determined. For
the orbit that results in the longest occultationtime, the increase in
position and velocity uncertainties over the case where no occulation occurs

is 30 percent and 25 percent, respectively.

*These values are obtained on the 4th orbit.
7-1
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A summary of the results of evaluating seven different navigation
systems for the nominal park orbit is shown in Table 7-1. These systems
include DSIF,DSIF-sextant, DSIF-bnboard radar, sextant, onboard radar,
subtended angle, and sextant-subtended angle measurements. As shown in
the table, the most accurate orbit determination is obtained with the
DSIF-sextant system. The RMS uncertainties in position and velocity with
these observations are .2 km and .17 m/sec respectively. The performance
of a system with either sextant or sextant and subtended angle measure-
ments 1s also quite accurate and results in RMS uncertainties of .75 km
and .6 m/sec. The performance of systems that make use of sextant
observations is in general good because these measurements are capable
of determining both the in-plane and out-of-plane components of the
position and velocity uncertainties. The results of DSIF-onboard radar,
onboard radar, and subtended angle measurements, also stown in Table 7-1,

are considerably poorer than the sextant measurements.

A composite summary of the navigation capabilities of the seven systems
for determining the six orbital elements, is given in Table 7-2, These
data also show that the best performance is obtained with DSIF-sextant

observations.
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SECTION 8

RECOMMENDAT IONS

Additional study areas which would extend the scope of the present
study, and which are considered to be important for defining the naviga-
tion and guidance requirements of an interplanetary mission, are the

following:

a. Precision Trajectory. The results which are obtained in this

study with a patched conic trajectory should be verified with the use of

a precision trajectory.

b. Bias Errors. The influence of bias error sources which are neg-
lected in this study should be evaluated. These errors include uncertain-
ties in the physical constants (mass of the Sun, oblateness of Mars, mass
of Mars, etc.), measurement instrument biases, on board clock bias, and

tracker station location errors.

c. Filtering Technique. The study has assumed the use of a Kalman

filter in the data processing. The various other filtering techniques
should be evaluated and, in particular, consideration should be given to

their onboard implementation.
d. Beacons. The importance of having beacons on Mars should be
evaluated for the approach phase of the mission, terminal maneuvering

phase and the orbital phase.

e. Terminal Maneuvers. The requirements for inertial equipment in

the guidance system should be determined for the retro maneuver (powered
and/or atmospheric) and the powered flight out of the Mars orbit. A retro

analysis is also required at perigee on the return.

f. Onboard Computer. The design of the onboard computer should be

studied to determine means of trading off speed for reliability (500 to
8-1
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600-day missions). Also, techniques for simplifying calculations for esti-
mating and predicting the state should be investigated. This investigation

should include the effects of truncation errors in the computer.

g. Mars Orbit. The navigation requirements in orbit should be deter-
mined in terms of specific mission objectives. The influence of the
oblateness of Mars on these requirements should ?e evaluated. The errors
resulting from park orbit navigation and the burning maneuver out of orbit
should be evaluated in terms of their effect on the return trajectory com-

putations and performance.

h. Venus Swingby. The Venus swingby mission should be studied in

detail because of its apparent importance in a round-trip Mars mission.
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